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1 INTRODUCTION

ABSTRACT

Using infrared data from the Herschel Space Observatory and Karl G. Jansky Very Large
Array 3 GHz observations in the COSMOS field, we investigate the redshift evolution of
the infrared—radio correlation (IRRC) for star-forming galaxies (SFGs) we classify as either
spheroid- or disc-dominated based on their morphology. The sample predominantly consists
of disc galaxies with stellar mass > 10'° M, and residing on the star-forming main sequence
(MS). After the removal of AGN using standard approaches, we observe a significant difference
between the redshift evolution of the median IR/radio ratio gz of (i) a sample of ellipticals,
plus discs with a substantial bulge component (‘spheroid-dominated” SFGs) and, (ii) virtually
pure discs and irregular systems (‘disc-dominated” SFGs). The spheroid-dominated population
follows a declining gy versus z trend similar to that measured in recent evolutionary studies
of the IRRC. However, for disc-dominated galaxies, where radio and IR emission should be
linked to star formation in the most straightforward way, we measure very little change in
grr- This suggests that low-redshift calibrations of radio emission as a star formation rate
(SFR) tracer may remain valid out to at least z >~ 1-1.5 for pure star-forming systems. We
find that the different redshift evolution of grir for the spheroid- and disc-dominated sample is
mainly due to an increasing radio excess for spheroid-dominated galaxies at z 2 0.8, hinting
at some residual AGN activity in these systems. This finding demonstrates that in the absence
of AGN, the IRRC is independent of redshift, and that radio observations can therefore be
used to estimate SFRs at all redshifts for genuinely star-forming galaxies.

Key words: galaxies: evolution —infrared: galaxies —radio continuum: galaxies.

Kruit 1971, 1973; de Jong et al. 1985; Helou, Soifer & Rowan-
Robinson 1985; Condon 1992; Yun, Reddy & Condon 2001). This

Observations show that the total infrared and 1.4 GHz radio con- so-called infrared-radio correlation (IRRC) was found to be lin-
tinuum luminosities of local galaxies are tightly correlated (van der ear over at least three orders of magnitude in luminosity since the
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peak epoch of star formation (SF; e.g. Sajina et al. 2008; Murphy
2009). Thus, it has been used to e.g. identify radio-loud AGN (e.g.
Donley et al. 2005; Norris et al. 2006; Park et al. 2008; Del Moro
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et al. 2013), and to estimate the distances and temperatures of high-
redshift submillimetre galaxies (e.g. Carilli & Yun 1999; Chapman
et al. 2005). It also enables the calibration of radio luminosities
as dust-unbiased, high angular resolution star formation rate (SFR)
tracers (e.g. Condon 1992; Bell 2003; Murphy et al. 2011, 2012;
Davies et al. 2017; Delhaize et al. 2017). Future deep radio con-
tinuum surveys aiming to obtain a full census of dust-obscured SF
across cosmic time, even in crowded environments such as groups
and clusters, will thus heavily rely on the measured IRRC to achieve
their science goals. With the advent of new, high-sensitivity radio
instruments (such as LOFAR, MeerKAT, ASKAP, and the Square
Kilometre Array), it is timely to study the redshift evolution and
higher order dependences of the IRRC, which contribute to, e.g.,
the scatter of the relation, in more detail.

Observationally, it has been challenging to refine existing work
on the IRRC due to the lack of sufficiently sensitive radio and
infrared data. Sargent et al. (2010) showed that solely radio- or
infrared-selected flux-limited surveys introduce a bias that artifi-
cially produces an evolution in the IRRC. To overcome this, they
used flux limits for non-detections at either of these wavelengths,
and constrained the median infrared/radio ratio with doubly cen-
sored survival analysis. They found no significant evolution in
the IRRC out to z~ 1.5 using Karl G. Jansky Very Large Array
(VLA) imaging of the Cosmological Evolution Survey (COSMOS;
Scoville et al. 2007) field at 1.4 GHz (Schinnerer et al. 2007, 2010).
Many other authors (e.g. Garrett 2002; Appleton et al. 2004; Ibar
et al. 2008; Garn et al. 2009; Jarvis et al. 2010; Mao et al. 2011;
Smith et al. 2014) have also found no significant evidence for
evolution of the IRRC up to z~3.5. However, a series of recent
studies relying on the full far-infrared (FIR) coverage provided by
the Herschel Space Observatory (Pilbratt et al. 2010) have found
evidence for a changing IRRC across cosmic times (but see also
Pannella et al. 2015). Magnelli et al. (2015) performed a stacking
analysis of Herschel, VLA, and Giant Metrewave Radio Telescope
radio continuum data to study the variation of the IRRC out to
z < 2.3. They found a moderate, but statistically significant evolu-
tion with (1 + z)~@12£99_ Matching the depth of Herschel data
with the sensitivity of LOFAR (van Haarlem et al. 2013), Calistro
Rivera et al. (2017) measured a consistent redshift dependence of
(1 4 )~ ©15£0.03) for star-forming galaxies (SFGs) out to z ~ 2.5.
Most recently, Delhaize et al. (2017, D17 henceforth) presented new
evidence for a similar declining trend in the infrared/radio ratio out
to z < 5 using new, deep 3 GHz VLA images and Herschel FIR
fluxes in the COSMOS field.

From a theoretical perspective, SF is thought to be the link be-
tween infrared and radio emission. Young, massive (>8 M) stars
produce UV photons, which are mostly absorbed and re-emitted by
the surrounding dust at FIR wavelengths. Radio emission at low
rest-frame GHz frequencies predominantly represents non-thermal
synchrotron radiation emitted by relativistic cosmic ray (CR) elec-
trons that move through galactic magnetic fields as they are accel-
erated by supernova remnants (e.g. Condon 1992). The IRRC thus
arises if CR electrons radiate away all their energy before escaping
the galaxy and if the interstellar medium (ISM) is optically thick in
UV, reprocessing all the UV starlight into FIR emission. This so-
called calorimetry theory was first proposed by Voelk (1989). Since
then several studies have pointed out its shortcomings and provided
alternative, more complex explanations (e.g. Helou & Bicay 1993;
Bell 2003; Lacki, Thompson & Quataert 2010; Schleicher & Beck
2013); however, the exact physical processes driving the relation re-
main unclear. Predictions for the redshift evolution of the IRRC are
also often conflicting. On the one hand, an increase of infrared/radio
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flux ratios is expected (e.g. Murphy 2009, and references therein);
rather than undergoing synchrotron cooling, at higher redshift CR
electrons should lose more and more energy through inverse Comp-
ton (IC) scattering off photons of the cosmic microwave background
(CMB) as the CMB energy density increases with redshift, thereby
violating electron calorimetry. On the other hand, Lacki & Thomp-
son (2010) argue that this effect can be compensated by other IC
loss effects (e.g. ionization, bremsstrahlung) preserving radio lumi-
nosity, especially in starbursts, hence keeping the relation constant
up to at least z~ 1.5.

An approach to observationally determine which physical pro-
cesses regulate the IRRC is to identify what factors contribute to
its ~0.26 dex scatter (Bell 2003). One would expect that, e.g., a
non-SF related warm cirrus component at IR wavelengths or excess
radio emission due to low-level AGN activity, both phenomena
more common in ‘red and dead’ early-type galaxies, would cause
deviations from the median IR/radio ratio. Finding such differences
motivated this work, which is a direct follow-up of D17. Utilizing
the wealth of ancillary data available in the COSMOS field, here
we will study the IRRC’s evolution in disc- and spheroid-dominated
SFGs.

Throughout this paper, we use a flat A cold dark matter cosmol-
ogy with Qy = 0.3 and Hy = 70kmMpc~'s~'. SFRs and stellar
mass values reported assume a Chabrier initial mass function (IMF).

2 DATA

In order to investigate the dependence of the IRRC on galaxy mor-
phology, we used a combination of Herschel and VLA 1.4 and
3 GHz data with added structural information from the Zurich
Structure & Morphology Catalog.! Sargent et al. (2010) showed
that considering only IR- or radio-selected samples of SFGs tends
to, respectively, over- or underestimate average IR/radio ratios, with
the typical offset between such samples being ~0.3 dex. This is ap-
proximately the same as the intrinsic scatter of the IRRC itself (e.g.
Yun et al. 2001); hence, an accurate analysis of the relation should
account for flux limits in both wavelength regimes. To overcome
this bias, we use a jointly selected (i.e. both radio and IR) sam-
ple of galaxies. The following section briefly outlines the sample
construction process. More details on all aspects of the summary
provided in Section 2.1 can be found in D17.

2.1 Jointly selected parent catalogue

We use the jointly selected sample of D17 as our parent catalogue.
It is the union of radio- and IR-selected samples in the 2 deg?
COSMOS field.

The IR-selected galaxy sample was constructed from a prior-
based catalogue of Herschel flux measurements in the COSMOS
field. 100 and 160 wm Herschel Photodetector Array Camera
(PACS; Poglitsch et al. 2010) data are from the PACS Evolutionary
Probe (Lutz et al. 2011). 250, 350, and 500 pm maps are provided by
the Herschel Multi-tiered Extragalactic Survey (Oliver et al. 2012).
Their prior positions from the 24 um Spitzer (Le Floc’h et al. 2009)
MIPS catalogue were matched to the COSMOS2015 photomet-
ric catalogue (Laigle et al. 2016) containing both photometric and
spectroscopic redshift information. D17 selected sources with >5¢

! Full catalogue with description is available at: http://irsa.ipac.caltech.edu/

data/COSMOS/tables/morphology/cosmos_morph_zurich_colDescriptions.

html.
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detections in at least one Herschel band, in order to obtain an IR-
selected catalogue that is comparable to the radio-selected sample
(see below) in terms of SFR sensitivity. This IR-selected catalogue
contains 8458 sources.

Our radio-selected catalogue is based on the imaging from the
3 GHz VLA-COSMOS Large Project. The VLA-COSMOS 3 GHz
catalogue (Smolci¢ et al. 2017a) contains ~11 000 sources down
to S/N =35 (the typical sensitivity is 2.3 wJy beam™! over most
of the 2 deg? area). In order to obtain rest-frame spectral energy
distributions (SEDs) and calculate luminosities, reliable redshifts
are required. Smolci¢ et al. (2017b) thus assigned optical/near-
IR counterparts in unmasked regions (i.e. avoiding bright, satu-
rated stars) of the COSMOS field where high-quality photometric
data were available from the COSMOS2015 photometry catalogue
(presented in Laigle et al. 2016). The sample of radio-selected
sources with optical counterparts and known photometric or spec-
troscopic redshifts initially contains 7729 objects. However, due
to the 3 GHz mosaic’s high angular resolution, some low surface
brightness sources were below the 5o detection limit of this radio
catalogue. To correct for this resolution bias, D17 searched for ad-
ditional detections in 3 GHz maps convolved to lower resolutions
of up to 3 arcsec and at the positions of IR-selected sources with no
3 GHz counterparts in the 0.75 arcsec mosaic. This yielded an ad-
ditional 428 sources. We also added 1.4 GHz radio fluxes from the
VLA-COSMOS catalogue (Schinnerer et al. 2007) to 27 IR-selected
sources with no 3 GHz counterpart. Thus, the final radio-selected
sample consists of 8184 sources.

The resulting jointly selected sample contains 4309 objects that
were detected at both radio and IR wavelengths, 3875 sources that
have only radio detections, and 4149 sources with only IR fluxes
measured. In the latter two cases, we used 5o upper flux limits for
the non-detections to help constrain the median infrared/radio ratio.
37 per cent of the galaxies have spectroscopic redshifts in both the
radio- and the IR-selected samples.

2.2 Morphologically selected subsamples

To add morphological information to the jointly selected sample of
D17, we cross-matched it with the Zurich Structure & Morphol-
ogy Catalog. This catalogue provides a classification of galaxies
into different categories based on the ZEST (Zurich Estimator of
Structural Types) algorithm (Scarlata et al. 2007). ZEST uses five
non-parametric structural diagnostics [asymmetry, concentration in-
dex (CI), Gini coefficient, second-order moment of the brightest
20 per cent of galaxy pixels, and ellipticity] measured on Hubble
Space Telescope (HST) Advanced Camera for Surveys (ACS) I-
band (F814W) images (Koekemoer et al. 2007) to morphologically
classify sources. After carrying out a principal component analysis
to reduce the number of parameters while retaining most of their
information content, ZEST uses a 3D classification grid to define
three main galaxy types: elliptical (type 1), disc (type 2), and ir-
regular (type 3) objects. Type 2 was then further divided into four
bins (i.e. 2.3, 2.2, 2.1, and 2.0), guided by the Sérsic index n of
galaxies in the ‘disc’ class (Sargent et al. 2007). These sub-classes
reflect an increasing prominence of the bulge component from type
2.3 10 2.0, i.e. type 2.3 are pure disc galaxies, type 2.0 are strongly
bulge-dominated discs, while types 2.1 and 2.2 have intermediate
bulge-to-disc ratios. The application of ZEST to a sample of low-
redshift galaxies from Frei et al. (1996) with RC3 classifications
(de Vaucouleurs et al. 1991) showed that type 1 objects are mostly
classified as Hubble type E, type 2.0 corresponds to SO-Sab galax-
ies, type 2.1 mainly consists of Sb—Scd systems, type 2.2 sources
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are split between Sb—Scd and Sd and later types, and type 2.3 maps
into Sd discs or even later RC3 types (for detailed distributions, see
fig. 6 in Scarlata et al. 2007).

The Zurich Structure & Morphology Catalog was position-
matched to the optical positions of the jointly selected sample with a
search radius of 0.6 arcsec. 7973 (65 per cent) sources in the jointly
selected sample (see Section 2.1) were covered by HST/ACS and
satisfy the ixg =24 mag selection limit of the Zurich Structure &
Morphology Catalog. 6723 of these had a counterpart with mor-
phological classification in the morphology catalogue, resulting in
an 84 per cent matching rate. At redshifts z > 1.5, the F814W fil-
ter starts to sample rest-frame UV (<325 nm) emission, and im-
age signal-to-noise and galaxy angular sizes in general become
too small to ensure a robust morphological classification. We thus
apply an upper redshift cut of z=1.5 to our sample. Due to the
small volume sampled locally by the ~1.6 deg” field observed with
HST/ACS, we excluded sources with z < 0.2. Our final sample con-
tains 6072 galaxies with morphological distribution as summarized
in Table 1. Our ‘spheroid-dominated’ sample includes ZEST types
1 (i.e. predominantly elliptical galaxies) and types 2.0/2.1 (i.e. disc
galaxies with a prominent bulge component). Our ‘disc-dominated’
galaxy sample includes ZEST types 2.2/2.3 (i.e. disc-dominated)
spiral/disc galaxies and type 3 (irregular galaxies). We note that
both morphological groups contain mainly disc galaxies (see
Table 1). After the exclusion of AGN (see Section 2.3), the remain-
ing star-forming sample predominantly lies on the main sequence
(MS) of SFGs (see Fig. 1a), consistent with previous studies (e.g.
Wauyts et al. 2011), as illustrated by the specific star formation rate
(sSFR) distributions in Fig. 1(c). The stellar masses used here are
from multi-band SED modelling with maGpHYS, and SFR values
were derived from the fitted IR Iuminosities (see Section 3.2 for
details). We will henceforth qualitatively refer to these morpholog-
ical categories as ‘disc-dominated SFGs’ and ‘spheroid-dominated
SFGs’, respectively. We also note that disc- and spheroid-dominated
SFGs have a tendency to lie slightly above and below the MS lo-
cus, with mean offsets from the MS of 0.06 and —0.10, respec-
tively. Furthermore, spheroid-dominated galaxies on average have
higher stellar masses at all redshifts considered here (see Fig. 1b).
Assuming that the radio and FIR data used to select our sample
are due to SF alone, our sample is SFR-selected, and in deriving
all results reported in the following we also include galaxies that
lie below the mass-completeness threshold at 10'4 Mg (Laigle
et al. 2016). We have ascertained that all our results remain un-
changed within 1o if we restrict the analysis to the mass-complete
regime.

Fig. 2(a) shows the relative abundance of spheroid- to disc-
dominated SFGs as a function of redshift. Over the redshift range
0.2 <z < 1.5, the overall disc galaxy population transitions from
consisting mainly of disc-dominated objects at high z to a more even
split between morphological types at low redshift (see Fig. 2a). Our
sample is hence representative of the COSMOS disc galaxy popu-
lation as a whole for which this trend was already discussed in, e.g.,
Scarlata et al. (2007) and Oesch et al. (2010).

2.3 AGN identification

Our aim is to test the relation between radio synchrotron emission
and SFR for different galaxy populations. Identifying and removing
potential AGN host galaxies from our sample is hence crucial as both
their IR and radio fluxes could include AGN-related contributions.
Sources in the jointly selected catalogue were flagged in D17 as
likely AGN hosts if at least one of the following criteria was met.

MNRAS 475, 827-838 (2018)
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Table 1. Morphological distribution of galaxies before (top) and after (bottom) the exclusion of AGN (see Section 2.3) from the radio-
and infrared-selected samples. Morphological categories are: ellipticals (ZEST type 1); bulge-dominated discs (ZEST type 2.0/2.1);

disc-dominated discs (ZEST type 2.2/2.3); irregulars (ZEST type 3).

Spheroid-dominated Disc-dominated Total
Ellipticals Bulge-dominated discs Disc-dominated discs Trregulars
Full sample
Radio-selected 503 1461 1420 595 3979
IR-selected 157 1305 2098 802 4362
Jointly selected 545 2010 2544 941 6040
Star-forming sample
Radio-selected 130 905 1248 514 2797
IR-selected 125 1142 1971 727 3965
Jointly selected 168 1409 2323 836 4736

3.0 T T r T T T T T T T r T
Spheroid-dom. SFG
e Disc-dom. SFG

log(SFR)[log(Mayr )]

Relative counts

log(M,)[log(Mo)]

Relative counts

WO AN . N
1.5 . ) .5 00 05 10 15 -15-1.0-0.5 0.0 0.5

log(sSFR/sSFR ys)

Figure 1. (a) Spheroid- and disc-dominated SFGs and AGN in the stellar mass—SFR plane in three redshift slices. The mean redshift 7 is given for each
redshift bin. Black line represents the average locus of the star-forming MS (parametrized as in the appendix of Sargent et al. 2014) at the Z of each panel.
(b) Normalized (equal area) stellar mass distributions of spheroid- and disc-dominated SFGs and AGN. Spheroid-dominated SFGs are systematically more
massive across the whole studied redshift range. (c) Normalized distribution of sSFR offsets from the star-forming MS for spheroid- and disc-dominated SFGs.
Vertical dashed lines show 0.6 dex offsets above and below the SF MS. The mean sSFR of disc-dominated (spheroid-dominated) SFGs tends to lie above
(below) the average MS locus at all redshifts. AGN mainly occupy the quiescent regime below z ~ 1.
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Figure 2. (a) Fractions of spheroid- (red) and disc-dominated (blue) SFGs
in our star-forming sample as a function of redshift. (b) Ratio of the num-
ber of IR-undetected (Nypper) to radio-undetected (Njower) galaxies for the
spheroid- and disc-dominated SFG samples in the redshift bins used in
Section 3.2. These Nypper (Niower) Objects enter the calculation of the grg
values with upper (lower) limits on the IR/radio ratio, respectively. All error
bars reflect 1o uncertainties from Poissonian counting statistics. Spheroid-
dominated SFGs show an increasing upper limit ratio trend with redshift,
whereas disc-dominated systems remain constant out to z ~ 1.5.

(i) The source shows a power-law-like emission in the mid-IR
(MIR), i.e. its IRAC colours satisfy the criteria of Donley et al.
(2012, their equations 1 and 2).

(ii) An X-ray detection in the combined maps of the Chandra-
COSMOS and COSMOS Legacy surveys (Elvis et al. 2009; Civano
et al. 2012, 2016; Marchesi et al. 2016) with [0.5-8] keV X-ray
luminosity Ly > 10*? ergs™' (as in Smol¢i¢ et al. 2017b).

(iii) SED fitting reveals the presence of a statistically significant
AGN component based on a x> comparison between fits without and
with an AGN contribution of freely variable amplitude (Delvecchio
etal. 2014).2

(iv) The source is not detected in any Herschel bands with a
signal-to-noise ratio of at least 5, and has red optical rest-frame
colours (Myyv — M,) > 3.5 (Smolci¢ et al. 2017b).

For further details, see D17 and Delvecchio et al. (2017). 1304
galaxies in our sample are flagged as AGN (~38percent of
spheroid-dominated and ~9 per cent of disc-dominated galaxies)
based on these criteria. The final sample of IR- and radio-
selected SFGs with a morphological classification from the Zurich
Structure & Morphology Catalog consists of 4736 sources.
Table 1 summarizes how these SFGs split into distinct morpho-
logical classes. We will consider only the star-forming population
for the rest of our analysis, unless stated otherwise.

3 RESULTS

3.1 Derivation of radio luminosities

Radio luminosities were derived using
L 4 DL\ [14\“ [ S
14 -C e et - 20
WHz"! (14 )0+ \ Mpc 3 mly

2 A multi-component SED fit was performed using sep3mr (Berta
et al. 2013), publicly available at http://cosmos.astro.caltech.edu
/page/other-tools.
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where L, 4 is the 1.4 GHz K-corrected radio continuum luminosity,
C =9.52 x 10" is the conversion factor from Mpc? mJy to W Hz ™!,
« is the radio spectral index,’ z is redshift, Dy is the luminosity
distance, and S3 is the measured 3 GHz flux. We note that for
45 per cent of the sources, o was directly measured since they had
a 1.4 GHz counterpart in the VLA-COSMOS joint catalogue of
Schinnerer et al. (2010). For the remaining sources, we adopt the
average spectral index, o = —0.7, measured for galaxies in the VLA-
COSMOS 3 GHz survey (Smolci¢ et al. 2017a). Choosing a steeper
average spectral index (e.g. « = —0.8) would result in slightly lower
IR/radio ratios and a marginally steeper redshift evolution. It would,
however, still be consistent with the results presented below within
1o and affects both morphological subsamples in the same way. For
a full discussion of the systematics arising from a different choice
of spectral index, see section 4.4.1 in D17.

For IR sources that remain undetected in the 3 GHz map, we
derive an upper limit on the radio luminosity based on five times
the local rms noise level in the map (see Section 2.1 and D17 for
details).

3.2 Derivation of IR luminosities, SFRs, and stellar masses
with SED fitting

Stellar masses provided by the MaGpHYS code were used to phys-
ically characterize our samples (see Fig. 1), together with SFRs
based on the IR luminosity of the best-fitting MagpHYs SED models.
In this section, we discuss the derivation and robustness of our IR
luminosity constraints. When converting IR luminosity to SFR, we
apply the Kennicutt (1998) scaling factor for a Chabrier (2003) IMF,
which is particularly suitable for SFGs and enables direct compar-
isons with the previous literature. SFRs calculated with this method
are, on average, ~0.2 dex higher than the SFR values returned by
MAGPHYS; however, this does not impact qualitatively any of our
statements based on SFRs. We further decided to adopt Ltr de-
rived SFR values to be consistent with the X-ray stacking analysis
outlined in Section 4.2.1.

3.2.1 Lrr measurements for IR-selected galaxies

Total IR luminosities (Lyig) were derived by integrating the best-
fitting SED model identified with MaGpHYS (da Cunha, Charlot &
Elbaz 2008) between rest-frame 8 and 1000 pm. Model SEDs were
fitted to photometry from the COSMOS2015 catalogue (for details
on the data, see Laigle et al. 2016). In particular, in the MIR—
FIR regime, we used the combination of Spitzer MIPS 24 pm,
plus Herschel PACS (100 and 160 um) and SPIRE (250, 350, and
500 wm) flux measurements. For three (four) spheroid-dominated
(disc-dominated) SFGs, we were also able to use 450 and 850 um
JCMT/SCUBA-2 data (Casey et al. 2013).

As described in Section 2.1, sources with at least one >50¢ detec-
tion in any Herschel band are included in the IR-selected sample.
In the jointly selected sample of star-forming, spheroid-dominated
(disc-dominated) sources, 85 per cent (80 per cent) are IR-detected
(see Table 1). Within this IR-selected sample, 94 per cent of the
galaxies in both morphological subsamples are detected at 24 pm
with S/N > 3. 67 per cent (69 per cent) of the spheroid-dominated
(disc-dominated) galaxies have only one >5¢ Herschel measure-
ment, 18 percent (13 percent) have >50 FIR detections in three

3 The radio spectral index is defined as S, o v¥, where S, is the flux density
at frequency v.

MNRAS 475, 827-838 (2018)
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bands, and only 1 percent (1 per cent) have >5¢0 fluxes across the
whole FIR wavelength range. Additionally, 3-50 measurements
were also included in the fitting process, where available. If, in a
given band, no >30 photometry was available, we used nominal
30 PACS and SPIRE upper limits* to constrain the SED fitting,
and allowed the fitting algorithm to probe fluxes below these limits
via a modified x> calculation® following Rowlands et al. (2014).
While we could in principle include <3¢ flux measurements in the
SED fitting process, we chose the more conservative upper limit ap-
proach outlined above as low-S/N fluxes extracted from the map are
more susceptible to flux boosting due to source blending. For more
details about the fitting technique and its robustness, see section 3
of Delvecchio et al. (2017).

3.2.2 Lt constraints for radio-selected galaxies

We also estimated the total IR luminosity of radio-detected sources
with no >5¢ counterparts in the IR-selected sample using shorter
wavelength photometry and 3—-5¢0 measurements or 3¢ upper flux
limits from Herschel, as outlined above. While MAGPHYS employs
an energy-balance approach — such that one could regard its Lrr
estimates as a good proxy for actual measurements — D17 decided to
allow also for significantly lower Ly in these objects, and treated
these modelled IR luminosities as upper limits in their analysis.
Alternatively, one could consider the best-fitting MAGPHYS estimate
for Ly as a direct measurement, even if in the cases with no FIR
detection this value is usually quite uncertain. Regarding all these
estimates as upper limits or as direct detections is conceptually two
end points of a continuum of possible treatments. In Section 3.3,
we therefore present the results from both statistical approaches.
To ease comparison with the D17 results, in Fig. 3 we only show
data from the D17 method, but the fits for the scenario where all
Lrr values are considered direct measurements are plotted as well.
For now, we only note that this somewhat subjective choice has no
qualitative, and only a minimal quantitative impact on our results,
due to the fact that generally sources that were not selected at IR
wavelengths have Lpjr values that lie below the median luminosities
in their respective redshift bins. The applied statistical approach
thus does not introduce any systematics that could give rise to the
differences between disc- and spheroid-dominated SFGs reported
below.

As a final test of the robustness of our results, we assessed the
impact of poorly fitting SED models by flagging low-quality fits in
both the IR- and radio-selected samples. Following the method pre-
sented in appendix B of Smith et al. (2012), we computed the prob-
ability of the best-fitting model being consistent with our data (p),
and identified sources with p < 1 per cent. We found that 15 per cent
(17 per cent) of disc-dominated (spheroid-dominated) SFGs have
formally poor SED fits, possibly due to e.g. blended FIR photom-
etry, or spurious multi-wavelength source associations. However,
excluding these objects from the analysis detailed in Section 3.3
did not change our results compared to our findings based on the
full sample. We hence decided to retain them in order to (a) increase
the overall quality of our statistics, (b) not introduce an arbitrary
threshold to ‘clean’ our sample, and (c) follow the methodology of

4 These upper limits include both instrumental and confusion noise and
are set to 5.0 (100 pum), 10.2 (160 pm), 8.1 (250 um), 10.7 (350 pm), and
15.4 mly (500 pm).

5 Bands with upper limits contribute zero to the Xz if the model SED falls
below the upper limit. When the model SED lies above the limiting flux
value(s), the excess is included as an additional term in the x2 calculation.
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Figure 3. (a) Redshift evolution of the IRRC, parametrized by the median
IR/radio ratio gtiRr, for disc- and spheroid-dominated SFGs (blue and red
symbols, respectively). The g values for COSMOS galaxies at z > 0.2
(filled data points) were calculated using doubly censored survival analysis.
The local z=0 measurements (open symbols) are based on a morphologi-
cally selected sub-set of the Bell (2003) sample. Shaded regions bordered by
dashed lines show the upper and lower limits of the 1o confidence interval
of the fit. Dot-dashed lines are fits to gyig values derived by considering
all Ltir estimates as direct detections. The black dashed line is the evo-
lutionary trend found for SFGs with /-band magnitude <24 in the jointly
selected sample of D17 in the redshift range of 0.2 < z < 1.5. These cuts
were imposed in order to match the selection criteria of our morphologically
selected subsamples. The dark grey horizontal line represents the local me-
dian IR/radio ratio measured by Bell (2003), and the shaded grey region its
~0.3 scatter. (b) 2D histogram of the parameters fitted for an evolutionary
trend (equation 3) for star-forming late and spheroid-dominated galaxies in
our sample, shown in blue and red, respectively. Light coloured contours
and histograms show the outcome of our analysis when we treat all Ltr
values as direct measurements. Hatched histograms and dashed contours are
the results of fits that were carried excluding the local gtir values from Bell
(2003). Contours enclose the 3, 2, and 1o confidence intervals of each distri-
bution. The solid black lines are the fitted values for the whole star-forming
population in the COSMOS field from D17. Dashed black lines represent
the 1o confidence interval of this fit.
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D17 as closely as possible, in order to enable further insight into the
causes of the redshift evolution of the IRRC found in their study.

3.3 Measuring the IRRC

The IRRC is usually characterized by the logarithmic ratio, grr,
of the total infrared (8—1000 wm; Lyr) and 1.4 GHz radio (L 4)
luminosities:

Lr Lia
=log [ ™ ) _; . 2
qrr =108 (3.75 x 1012w> 08 (wm—l) @

We split both the disc- and spheroid-dominated SFG samples into
nine redshift bins, each bin containing an equal number of objects.
We then carried out doubly censored survival analysis (following
Schmitt et al. 1993) to calculate the median grir (g7r) values (and
associated 95 per cent confidence intervals) for our two samples in
all redshift bins.

Survival analysis reconstructs the underlying distribution assum-
ing that all measurements (i.e. both well-defined values and up-
per/lower limits) are drawn from the same distribution. If, besides
direct detections, only either upper or lower limits occur (i.e. the data
are singly censored), the cumulative distribution function (CDF) can
be constrained analytically with the Kaplan—Meier product limit es-
timator (Kaplan & Meier 1958). However, if both upper and lower
limits are present (i.e. the data are doubly censored), the CDF is
computed by an iterative method (as described in Schmitt et al.
1993 and appendix C of Sargent et al. 2010). Our implementation
of the algorithm was considered to have converged once all values
of the updated CDF changed by less than 1/1000 of their value in
the previous step. The estimated median gz and its error in each
redshift bin were then extracted from these CDFs. We find that
propagating the errors of the individual radio and IR luminosities
through the analysis by resampling them a hundred times, and re-
calculating the CDFs, only results in a small additional uncertainty
(~22 per cent) compared to that associated with the CDF estimat-
ing method, consistent with the assessment in D17. Thus, the errors
from survival analysis dominate the error budget of g values.

The g1g values calculated with survival analysis as a function of
redshift are shown in Fig. 3(a). At a qualitative level, the different
redshift trends of the relative fraction of upper and lower limits
observed for spheroid- and disc-dominated SFGs (see Fig. 2b) are
already a clear indication of systematically different evolution of
these two morphologically distinct populations. For a quantitative
confirmation, we fit the following evolutionary function to the gz
measurements in all redshift bins:

Grr = a(l +2)", 3)

where a and k are free parameters. Errors on a and k were esti-
mated by resampling the gz values using their uncertainties de-
rived by survival analysis and refitting the newly generated data sets
10000 times, allowing a measurement of the 1o confidence inter-
vals. To anchor the fit, we included a z =0 data point based on the
sample of Bell (2003) containing structural information, which we
split into spheroid- and disc-dominated SFGs following the corre-
spondence between morphological types in the Zurich Structure &
Morphology Catalog and Hubble type described previously in Sec-
tion 2.2. Thus, 33 galaxies in the Bell (2003) sample with RC3
classification SO, SOa, Sa, Sab, and Sb were assigned to the category
‘spheroid-dominated SFGs’, and 80 RC3 types Sbc, Sc, Scd, Sd,
and Irr are considered disc-dominated. Omitting the local gigr mea-
surements does not qualitatively change our results (see Fig. 3b).

Spheroid and disc galaxies’ IR-radio ratio 833

We find that the median IR/radio ratios of spheroid-dominated
SFGs follow a declining trend with a power-law index of k=
—0.186 £ 0.015 (or k= —0.160 £ 0.014 when all Lyg values
are treated as direct measurements®), while for disc-dominated
SFGs, the redshift evolution is minimal out to z=1.5 with k=
—0.037 £ 0.012 (or k= —0.044 +£ 0.010 for our alternative Lyg
treatment), as shown in Fig. 3(a). The difference between these two
evolutionary trends is significant at the 7.7¢ level (5.00 if we ex-
clude the z = 0 measurements; 6.60 with all Ltjg estimates as direct
detections and including the local g1 x values) as shown in Fig. 3(b).
In Fig. 3(a), we also show with a dashed line the best-fitting evo-
lution of gx for all SFGs (i.e. including all morphological types)
that satisty our selection criteria ixg < 24 and 0.2 < z < 1.5. With
an evolutionary power-law index k= —0.12 &£ 0.02, it lies between
the best-fitting relations for the spheroid- and disc-dominated SFGs,
as expected, and is slightly shallower than the evolutionary trend
(k= —0.19 £ 0.01) reported by D17 for the full parent sample.
The main reason for difference to the measurement in D17 is that
we have restricted our fit to galaxies at 0.2 < z< 1.5, while D17
consider objects across all z< 6.

3.4 Differential evolution of average IR and radio brightness
of spheroid- and disc-dominated galaxies

To determine the main cause of the observed difference between
spheroid- and disc-dominated SFGs, we now attempt to express the
evolution of the g value for both populations in terms of the rela-
tive evolution of their median IR and radio luminosities. To this end,
we performed singly censored survival analysis on the luminosities
and luminosity upper limits to constrain the corresponding medians
for the spheroid- and disc-dominated samples in all redshift bins.
The redshift evolution of the luminosities is best fitted by a

log(L) = bz’ )

model, where L is either the median rest-frame 1.4 GHz radio lu-
minosity or the median IR luminosity for a given redshift bin and
sample. b and [ are free parameters. The measured luminosity evo-
lutions and the best-fitting combinations of model parameters b and
[ for spheroid- and disc-dominated SFGs are shown in Fig. 4. Radio
luminosities of spheroid-dominated SFGs show an excess compared
to disc-dominated SFGs above z ~ 0.8. Their total IR luminosities
have a smaller, but still significant deficit starting around the same
redshift.

We define the offset between the median IR/radio ratios of
spheroid- and disc-dominated SFGs as

Aqmr(z) = aTIR,SD(Z) - aTIR,DD(Z)v ()

where grr sp(z) and gk pp(z) are the grr(z) sample median
trends fitted between 0 < z < 1.5 for spheroid- and disc-dominated
SFGs, respectively. We also define

AL a1iry(z) = 1og L1 a1iry, sp(z) — 10g i1 47ir), p0(2), (6)

where z{l.4,TlR), sp is either the median 1.4 GHz or IR luminosity
of spheroid-dominated SFGs and f(144_T]R)_ pp is the corresponding

%In practice, considering all Ltjr estimates as direct detections only in-
creases gr values minimally. This is due to the fact that the majority of
the sources that are not IR-selected have IR/radio ratio constraints that lie
below the g g of their redshift bins. However, since these sources constitute
a larger fraction of the population at higher redshifts (see Fig. 2b), the con-
sequently slightly larger gjg values lead to a 1.30 (0.50') shallower gg (2)
relation for spheroid-dominated (disc-dominated) SFGs.
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Figure 4. Median total infrared (a) and median 1.4 GHz luminosities (b)
in the redshift range where g values diverge for spheroid- and disc-
dominated galaxies in our sample shown in blue and red, respectively.
(c) Decomposition of the measured gyr(z) difference between spheroid-
and disc-dominated SFGs. The green line represents the directly measured
gTIR (2) offset between spheroid- and disc-dominated SFGs from the fitted
g7r(2) curves in Fig. 3 as calculated by equation (5). Blue and red lines
are the differences in radio and total IR luminosities, respectively, derived
from singly censored survival analyses, as seen in the top two panels and
equation (6). The purple line is the difference of these two trends, which
also gives Agrr(z) (see equation 7). The shaded 1o confidence intervals
(in appropriate colours for their corresponding lines) are calculated by prop-
agating the errors on the previously fitted trends. It is clear that the main
contributor to the different g (z) evolution is the increasing relative radio
excess of spheroid-dominated SFGs towards high redshifts.
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median luminosity for disc-dominated SFGs. Then from equations
(2) and (6), we see that

AGqr(z) = ALtir(z) — AL; 4(2). )

This decomposition of the measured gz (z) difference between
spheroid- and disc-dominated SFGs is shown in Fig. 4. It sug-
gests that the main cause of the different observed grr trends is
an increasing radio excess in spheroid-dominated SFGs compared
to disc-dominated SFGs above z~ 0.8, with contribution from a
smaller IR deficit of spheroid-dominated SFGs in the same redshift
range. This hints at additional AGN-related radio emission, possibly
from small-scale jet activity at higher redshifts in bulge-dominated
systems. We will explore this point further in Section 4.2.

4 DISCUSSION

4.1 Minimal evolution of the IRRC for disc-dominated SFGs

As shown in Fig. 2(b), spheroid- and disc-dominated SFGs show
different censoring patterns (i.e. different balance of direct mea-
surements and upper/lower limits) for their IR/radio ratios above
z~0.8. This in itself already points to a differential evolution of
sample medians gz towards higher redshifts. As found by doubly
censored survival analysis, the radio/infrared ratios of the disc-
dominated SFG sample show virtually no evolution out to z=1.5
and are in almost all redshift bins consistent with the locally mea-
sured median grr value of Bell (2003, Fig. 3). The fact that the
median IR/radio ratio is nearly constant for that class of galaxies
that effectively represents the ‘proto-typical’ (i.e. disc-like) star-
forming object suggests that — when applied to purely star-forming
systems/regions — radio synchrotron emission traces SF in the same
way over the entire redshift range 0 < z < 1.5. We note that, above
z=1, our morphological selection may be somewhat biased towards
classification into disc-dominated SFGs as resolution effects and
decreasing pixel signal-to-noise in HST images can reduce the mea-
sured CI (and hence bulge-to-disc ratio) of the more distant galaxies.
As a consequence, we expect that, if anything, the disc-dominated
SFG sample presumably contains some galaxies that would be clas-
sified as spheroid-dominated SFGs in noise-free HST images, rather
than the other way around. If there is indeed a systematic difference
between the IR/radio ratios gt of spheroid- and disc-dominated
systems as suggested by our analysis in Section 3.2, correcting
for this morphological classification bias would further flatten the
evolutionary trend for the disc-dominated population. We note that
removing the 30 radio excess outliers from the disc-dominated
sample also flattens their gz (z) trend further (k= —0.02 £ 0.02).
The flagging and removal of outlier grir values are described in
Section 4.2. Starburst objects (i.e. log (SSFR/sSFRys) > 0.6) are
more abundant among disc-dominated systems (as seen in Fig. 1a).
However, removing them from both samples does not change our
results. In fact, we note that there is no significant change in gz asa
function of MS offset across the entire redshift range (in agreement
with the findings of Magnelli et al. 2015).

Lacki & Thompson (2010) defined a ‘critical redshift’ (z.) for
their models, by which the radio luminosity is suppressed by a
factor of 3 compared to z=0 due to increasing IC losses off the
CMB. This would lead to an increase in gypig of ~0.5 dex. In their
model, z. is ultimately determined by the SFR surface density
(X spr) of a galaxy. In order to compare our findings to theoretical
predictions, we derived the median Xgpg of our SFG sample using
optical half-light radii from the Zurich Structure & Morphology
Catalog and SFRs calculated from the total IR luminosities (see
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Section 3.2 for details). We note that it is improbable that this
approach should strongly overestimate Xsgr as, e.g., Nelson et al.
(2016) and Rujopakarn et al. (2016) find approximately similar sizes
for SF activity and stellar mass in distant SFGs, and especially since
HST/ACS F814W filter samples blue rest-frame emission at z > 1.
Given that the bulk of our galaxies in both samples lie on the SF MS
(see Fig. 1a), we convert Xggg into z.; using the formula for normal
galaxies from the simplest model” in Lacki & Thompson (2010).
The median Xgrr of ~0.08 M5 kpc~2 yr~! derived for our disc-
dominated SFGs yields z.i ~ 2.2, i.e. Lacki & Thompson (2010)
do not predict a significant change in g for objects of this X
across our redshift range, in agreement with our data. However, their
model finds a very similar z.; of 2.3 for spheroid-dominated SFGs
due to their similar median Xgpr of ~0.09 M kpc*2 yr~!, which
in this case is in discrepancy with the decreasing gz (z) we find. It
is interesting to note that, should the sizes of star-forming regions be
significantly smaller than assumed here, as suggested by the 10 GHz
imaging results in Murphy et al. (2017), the correspondingly higher
Ysrr Would push z.i to even higher redshifts.

4.2 Differential redshift evolution of gz depending on disc
galaxy type — possible explanations

If we omit disc galaxies with intermediate bulge-to-disc ratios (i.e.
ZEST types 2.1 and 2.2) from the spheroid- and disc-dominated
SFG samples, their gz (z) power-law indices are in even stronger
contrast (k = —0.22 £ 0.06 and k£ = 0.03 £ 0.02, respectively).
In the following section, we will investigate possible causes of this
morphology-dependent change in their evolutionary trends.

4.2.1 Low-level AGN contamination

The lower gz values of spheroid-dominated SFGs at redshifts
72 0.8 are mainly due to their relative radio excess compared to
disc-dominated SFGs at high z (Fig. 4). This could be the result of a
radio component related to weak AGN activity in bulgy SFGs. We
note that, as shown in Section 2.3, a four times higher fraction of
systems were flagged and removed as AGN hosts in the spheroid-
dominated sample, compared to the disc-dominated sample. If the
measured radio excess of spheroid-dominated disc galaxies were
entirely due to residual AGN activity (i.e. if the SF-related radio
and infrared emission from these objects followed the local IRRC
as is observed for the disc-dominated systems), then we would infer
that at z~ 1.5 on average ~60 per cent of their total observed ra-
dio emission is contributed by AGN-related processes (see Fig. 4),
which escaped detection by the full set of standard AGN identifica-
tion methods described in Section 2.3.

Alternatively, the additional average radio emission could be the
consequence of a relatively small number of strong radio excess
sources that appear in our data as outliers in the gpr distribution
in each redshift bin. The CDFs in each bin derived by survival
analysis allow us to select and remove such sources from each of our
subsamples. Assuming that the grr distribution is well described
by a Gaussian distribution, we computed the o of the distribution,
and removed 3¢ outliers below the median in all our redshift bins.
We then repeated our survival analysis on these ‘cleaned’ samples.
The resulting gx trends are consistent with the ones measured on

7 Their formulae for different starburst models, SFR laws, and feedback
mechanisms predict higher z.; values for the same X spr; hence, the zit
values given in the text should be considered as lower limits. However, a
higher z.ri would qualitatively not change our conclusions.
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the full sample within 1o. In fact, applying a more stringent 2o
lower grir cut, where o was derived only using grir values higher
than the median, yielded the same slopes for the trends. This implies
that the measured evolutions of the gz values are not driven by
low-grr outliers for both the spheroid- and disc-dominated SFG
samples.

To further investigate potential residual AGN contamination of
our SFG samples, we searched for small-scale radio emission as-
sociated with our galaxies by cross-matching the spheroid- and
disc-dominated SFG samples at z > 0.8, where gz trends start to
diverge, with the 1.4 GHz VLBA-COSMOS catalogue (Herrera-
Ruiz, submitted, 10 pJy sensitivity in the central part of the
field). We found 9 (1.6 per cent) and 15 (0.9 per cent) counterparts
for spheroid- and disc-dominated SFGs, respectively. This rules
out any significant contamination from sources with L;4> 1-
6 x 102 WHz! radio cores (at z= 0.8 and 1.5, respectively)
in both samples at this redshift range. However, if the 0.1-0.2 dex
excess radio luminosity is due to small-scale AGN-related emission
in spheroid-dominated galaxies at z > 1 (as seen in Fig. 4), then
such components fall below the detection limit of the VLBA sample
by a factor of ~ 3. Thus, the low matching fraction does not rule
out the possibility of a non-SF related radio component in the bulge
of spheroid-dominated galaxies.

Unobscured AGN activity could also manifest itself as centrally
concentrated emission in our high-resolution, rest-frame optical
HST images. If this were preferentially the case for SFGs classified
as spheroid-dominated, we might expect a stronger evolution of av-
erage CIs for these systems at z 2> 0.8, compared to disc-dominated
SFGs. Using the Zurich Structure & Morphology Catalog, we cal-
culated the median ClIs of the spheroid- and disc-dominated SFG
samples, but find that the median CI of spheroid-dominated SFGs is
consistently ~20 per cent larger than that of disc-dominated SFGs
across the whole redshift range. This lack of differential evolu-
tion between the two samples provides further evidence against
an increasing number of highly concentrated spheroid-dominated
systems, which could be linked to higher AGN contamination.

As mentioned in Section 2.3, none of our SFGs have X-ray lumi-
nosities (Lx) > 10% ergs~!. As a final test to gauge AGN contami-
nation at high redshifts, we carried out X-ray flux stacking in both
the spheroid- and disc-dominated SFG samples for comparison. We
used cstack,® a publicly available tool for stacking, to stack soft
([0.5-2] keV) and hard band ([2-8] keV) Chandra images of our
sources in each redshift bin. The resulting stacked count rates were
converted to X-ray luminosities with a 1.4 slope power-law spec-
trum, as found for the X-ray background (e.g. Gilli, Comastri &
Hasinger 2007). We then converted the X-ray luminosities to SFRs
with the calibration given by Symeonidis et al. (2014). In the same
redshift bins, we calculated average SFRs from IR luminosities,
using the simple conversion of Kennicutt (1998) with a Chabrier
(2003) IMF in order to facilitate the comparison with other SFR
estimates adopted in the literature (see Section 3.2). These are less
sensitive to AGN-related emission, and thus provide a reference
for finding X-ray excess in our samples. Fig. 5 shows the compar-
ison between X-ray and IR-derived SFRs for both spheroid- and
disc-dominated SFGs. We found a small systematic X-ray deficit
in the disc-dominated SFG sample, most likely due to the fact that
they are not representative of the galaxy population used for the
calibration of the SFRx—SFR relation in Symeonidis et al. (2014).

8 Written by Takamitsu Miyaji, and available at http://lambic.astrosen.unam
.mx/cstack.
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Figure5. A comparisonof SFRs derived from X-ray stacking and Herschel-
based IR flux averaging for both SFG samples. Dashed line represents the
1:1 relation.

If we were to rescale it to better fit our disc-dominated SFGs, the
spheroid-dominated sample above z= 0.8 would end up having a
~(0.2 dex X-ray excess. Considering that the SFRx—SFRr calibra-
tion also has a ~0.2 dex scatter, it would still not suggest a strong
X-ray excess in this redshift range.

In summary, we have found no conclusive signs of a higher
AGN contamination in our spheroid-dominated SFG sample above
redshift ~ 1; however, with available data we cannot exclude this
scenario. Should the excess radio emission of spheroid-dominated
SFGs be at least partly AGN-related, it could be viewed as the indi-
rect signature of the build-up of black hole—bulge mass correlation
at small growth rates (see also Mullaney et al. 2012).

4.2.2 Other contributing factors

If the radio excess observed for z > 0.8 spheroid-dominated SFGs
is not due to a significant AGN contamination, another possibility
is a flattening radio spectral slope trend with redshift. A constant
a = — 0.7 would overestimate the rest-frame 1.4 GHz luminosity
derived from 3 GHz fluxes (see equation 1). Using the radio excess
curve for spheroid-dominated systems in Fig. 4, we calculate that
the median radio spectral index of spheroid-dominated SFGs would
have to increase froma= — 0.7atz= 0.8toao = — 045 at z=
1.5 in order to cancel the radio excess and produce gz values
consistent with the locally measured one at all redshifts. This is
inconsistent both with the trend for decreasing 1-3 GHz spectral
index values reported by D17 and with the median radio spectral
slopes of disc- and spheroid-dominated systems we actually mea-
sure, and which are consistent with each other across the entire red-
shift range. On the other hand, Murphy et al. (2017) find evidence
for a flatter (« > — 0.6) average radio spectral index over the wider
frequency baseline 1-10 GHz. Given the large spectral index dis-
persion of 0.35 dex found by Murphy et al. (2017), it is thus possible
that, at least for some galaxies, spectral indices may approach val-
ues required for reducing the measured radio excess. However, we
also note that, while restricted to low-redshift samples (e.g. Niklas,
Klein & Wielebinski 1997; Marvil, Owen & Eilek 2015), previous
studies do not find evidence for differently shaped radio spectra for
SFGs with different optical morphologies.

While the overall differential evolution implied by the fitted best-
fitting relations (equation 3) is significant at the 7.5¢ level, the actual
data underpinning this trend do not display as smooth an evolution
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as the best-fitting power law. This could be interpreted as a signature
of multiple different factors being at play. At low redshifts (z < 0.3),
using local g estimates from Bell (2003), we find that spheroid-
dominated systems have higher gz values than disc-dominated
galaxies, in qualitative agreement with the findings of, e.g., Nyland
etal. (2017). This could arise from an IR excess related to enhanced
cirrus emission in spheroid-dominated systems linked to old stellar
populations rather than SF activity. As a test, we calculated median
cold and warm dust component temperatures fitted with MAGPHYS in
each redshift bin. During the SED fitting, MaGpPHYS decomposes the
FIR part of the SED into a warm component, related to birth clouds
where SF activity occurs, and a cold component, representing the
ISM heated by an on average older stellar population. We found that
the cold component of spheroid-dominated systems is marginally
warmer (by 1 K or ~ 4 per cent) than in disc-dominated SFGs below
z= 0.7. However, calculating median infrared/radio ratios using
the cold or the warm component yields redshift evolution slopes
consistent within 1o with gy slopes, further suggesting that the
difference is mainly driven by radio emission rather than a changing
balance between the cold and warm (i.e. SF related) dust emission
in spheroid- and disc-dominated SFGs. We caution that, due to low
detection rates 350 and 500 pm, detecting a cold (dust temperature
20K as found by e.g. Bianchi et al. 2017) cirrus component is
challenging with our data, in particular at z> 1. While it is thus
possible that such acomponent could be missed (and IR luminosities
thus underestimated), widespread occurrence of cirrus emission
strong enough to flatten the g (z) trend for spheroid-dominated
SFGs would presumably result in larger SPIRE detection fractions
for this population. This is, however, not what we observe, such
that it is unlikely that missed cirrus emission is responsible for the
observed difference between the evolutionary trends measured for
spheroid- and disc-dominated SFGs in Section 3.3.

In conclusion, one could envisage a scenario where a combina-
tion of excess IR due to cirrus emission at low redshifts and an
AGN contribution at high redshifts (with a transition around z~
0.8) jointly drives the gy trend for the spheroid-dominated SFGs.
Regardless of the physical processes regulating the g evolution,
from an empirical point of view, the observed differential trends
found in this study highlight the importance of ancillary data, such
as morphological information, for the process of converting ob-
served radio fluxes into SFR measurements, especially for galaxies
at redshifts above 1. While radio emission apparently traces SFR
much in the same way at z~ 1 as it does at z~ 0 (as suggested by
the near constancy of the median IR/radio ratios of massive, disc-
dominated SFGs across this redshift range), it may nevertheless be
more appropriate to adopt a recipe involving a redshift-dependent
IR/radio ratio gz (z) (see e.g. equation 4 in D17)

SFR o 107G [, (®)

when dealing with a purely SF-selected sample, since this kind
of prescription can statistically account for the average fraction of
radio emission unrelated to ongoing SF activity. However, we find
that this correction is preferentially needed in spheroid-dominated
systems, implying that combining morphological indicators with
radio data can increase the accuracy of radio-based SFR estimates
when this additional information is available.

5 SUMMARY

With the combination of infrared data from Herschel Space Obser-
vatory and new, high-sensitivity VLA 3 GHz observations in the
COSMOS field, and morphological classification from the Zurich
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Structure & Morphology Catalog, we studied the redshift depen-
dence of the infrared/radio ratio of spheroid- and disc-dominated
SFGs on the star-forming MS out to a redshift of 1.5. We found
that the median IR/radio flux ratio gz of disc-dominated galaxies
shows virtually no evolution, in agreement with e.g. the model of
Lacki & Thompson (2010). This suggests that calibrations of radio
luminosity as an SFR tracer based on local galaxies remain valid
out to z~ 1.5 for ‘pure’ star-forming systems. It also implies that
disc-dominated galaxies may be the most suitable laboratories for
studying the evolution and physics of the IRRC, as in these systems
radio and IR emission are linked to SF in the most straightforward
way. Spheroid-dominated SFGs, on the other hand, display a de-
creasing trend with a slope of —0.19 £ 0.02, consistent with most
recent literature on the evolution of the IRRC for SFGs in general.
A comparison of total infrared and radio luminosities between these
two morphologically distinct subsamples of SFGs revealed that the
low grr values above z~ 0.8 for spheroid-dominated SFGs are
mainly the result of their ~10-60 per cent radio luminosity excess
relative to disc-dominated systems. This could hint at AGN activity
at radio frequencies that did not reveal itself clearly in standard
AGN diagnostics, which were initially used to identify and remove
AGNSs from both samples.

The fact that morphologically distinct samples of galaxies fol-
low different redshift trends implies that future high-resolution and
high-sensitivity surveys aiming to use radio continuum observations
as an SF tracer will strongly benefit from ancillary morphological
data for the final analysis step of converting radio luminosities
into accurate SFR estimates. Using a more nuanced calibration of
this kind will be possible for high-redshift studies building on the
synergies between radio surveys with, e.g., the Square Kilometre
Array and high-resolution optical information obtained with Euclid
(Ciliegi & Bardelli 2015). From a theoretical perspective, it high-
lights the complex interplay of physical processes contributing to
galaxy-integrated measurements and the need to disentangle these
for a more thorough understanding of the IRRC.
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